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macroH2A (mH2A) is an unusual histone variant consisting of a histone H2A-like domain fused to a large
nonhistone region. In this work, we show that histone mH2A represses p300- and Gal4-VP16-dependent
polymerase II transcription, and we have dissected the mechanism by which this repression is realized. The
repressive effect of mH2A is observed at the level of initiation but not at elongation of transcription, and mH2A
interferes with p300-dependent histone acetylation. The nonhistone region of mH2A is responsible for both the
repression of initiation of transcription and the inhibition of histone acetylation. In addition, the presence of
this domain of mH2A within the nucleosome is able to block nucleosome remodeling and sliding of the histone
octamer to neighboring DNA segments by the remodelers SWI/SNF and ACF. These data unambiguously
identify mH2A as a strong transcriptional repressor and show that the repressive effect of mH2A is realized on
at least two different transcription activation chromatin-dependent pathways: histone acetylation and nucleo-
some remodeling.

DNA is organized into chromatin in the cell nucleus. Chro- histone variant H2ABbd into the histone octamer confers
matin exhibits a repeating structure, and its basic unit, the lower stability of the H2ABbd nucleosomes (16). Since the
nucleosome, is composed of an octamer of the four core his- residues of conventional H2A, which are targets for posttrans-

tones (two each of H2A, H2B, H3, and H4), around which two lational modifications, are mutated in H2ABbd, one could
superhelical turns of DNA are wrapped. The structure of the expect the function of this histone to be regulated in a distinct
histone octamer (6) and the nucleosome (25) was solved by  way (10, 5).

X-ray crystallography. In addition to the conventional core macroH2A (mH2A) is an unusual histone variant with a size
histones, the cells express a very small amount of their nonal- approximately threefold the size of the conventional H2A (29).
lelic isoforms, the so-called histone variants. The small amount The N-terminal domain of mH2A (H2A-like), which shows a
of the histone variants present in the cell suggests that these high degree of homology with the conventional H2A, is fused
proteins may play regulatory roles. Indeed, the incorporation to a large nonhistone region (NHR) known as the macro do-
of the histone variants into the histone octamer brings new main (1, 24, 29). The immunofluorescence studies indicate that
structural properties to the nucleosome, which in turn might be mH2A is preferentially located on the inactive X chromosome
essential for the regulation of several vital processes of the cell. (9, 12, 13, 27). The mH2A nucleosomes exhibit structural al-
For example, the histone variant H2A.Z is implicated in both  terations in the vicinity of the dyad axis, abrogating the binding
gene activation (32) and gene silencing (15). Recently, arole of  of transcription factors to their recognition sequences when

H2A.Z in chromosome segregation was also suggested (31). the sequences are inserted close to the dyad (4). In addition,
Another histone variant, H2AX, is essential for repair and the the presence of mH2A interferes with SWI/SNF nucleosome
maintenance of genomic stability (7, 8). Incorporation of the remodeling and movement to neighboring DNA segments (4).

All these data suggest that mH2A could be involved in tran-

scriptional repression, but the mechanism by which mH2A
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on the function of macroH2A and on chromatin structure are
not known.

This work summarizes our studies on the effect of mH2A1.2
on transcription. We show that the presence of mH2A inhibits
the Gal4-VP16- and p300-dependent histone acetylation and
transcription from mH2A nucleosomal arrays. Importantly,
this effect was determined only by the NHR of mH?2A, since
arrays reconstituted with conventional H2A fused to the
mH2A NHR (H2A-NHR arrays), but not the H2A-like arrays,
exhibited the same behavior. In addition, the chromatin re-
modeling machines SWI/SNF and ACF were unable to both
remodel and mobilize nucleosomes reconstituted with the
H2A-NHR fusion protein. These data suggest that the prop-
erty of mH2A to affect transcriptional regulation resides
mainly in its nonhistone region.

MATERIALS AND METHODS

Preparation of DNA probes and reconstitution of nucleosomes. The 152-bp
EcoRI-Rsal DNA fragments containing the Xenopus borealis 5S RNA gene were
derived from plasmid pXP-10 (17) by PCR amplification. DNA was 3’ radiola-
beled at the EcoRI side by [a-**P]ATP and Klenow enzyme. The 255-bp and
241-bp DNA probes, containing the strongly positioning sequence 601 (33) at the
middle or at 8 bp from the 3’ end, respectively, were prepared by PCR ampli-
fication of plasmids pGEM3Z-601 and p199-1 (a kind gift from J. Widom and B.
Bartholomew) using[y-**P]JATP-labeled 5’ primer. The 154-bp fragment con-
taining the five Gal4-VP16 binding sites was derived from plasmid pGSML by
PCR amplification using the following primers: 5'-CGA ATC TTT AAA CTC
GAG TGC ATG CCT GCA and 5'-AAA GGG CCA AAT CGA TAG CGA
GTA TAT ATA GGA CTG GGG ATC. All DNA probes were purified on 6%
native polyacrylamide gel electrophoresis.

Nucleosome reconstitutions were performed by salt gradient dialysis as de-
scribed previously (17). Briefly, ~100 ng of radiolabeled DNA (5 X 10° cpm),
was mixed with 2 pg of nonlabeled ~180-bp average sequence chicken erythro-
cytes DNA in 100-pl volume, together with 0.8% (wt/wt) of preassembled his-
tone octamers in high-salt buffer: 10 mM Tris (pH 7.4), 1 mM EDTA, 5 mM
B-mercaptoethanol, and 2 M NaCl. Then, the solution was stepwise dialysed at
4°C for 2 h/step against decreasing concentrations (1.2 M, 1.0 M, 0.8 M, 0.6 M,
and 0.1 M) of NaCl in the same buffer, followed by dialysis overnight against 10
mM Tris (pH 7.4), 0.25 mM EDTA, and 10 mM NaCl. Nucleosome formation
was assessed by a 5% polyacrylamide electrophoretic mobility shift assay
(EMSA) run in 0.3X Tris-borate-EDTA buffer.

Protein expression and purification. The recombinant Xenopus laevis full-
length histone protein was produced and purified as previously described (26).
For the production of the recombinant H2A-NHR protein, the coding sequences
for the H2A protein (from M1 to P118) and for the NHR domain of human
macroH2A1.2 (from R118 to N371) were individually amplified by PCR and
fused in the pET30a vector to form the coding sequence of the chimera H2A-
NHR protein.

After expression in Escherichia coli, the recombinant chimera NHR-H2A was
purified to homogeneity as described for the conventional histones.

Nucleosome mobilization experiments. Nucleosomes (final concentration, 30
to 50 nM) were mixed with SWI/SNF or ACEF, as indicated, in buffer containing
10 mM Tris (pH 7.4), 1 mM dithiothreitol, 100 pg/ml bovine serum albumin, 5%
glycerol, 0.02% (vol/vol) Nonidet P-40, 2.5 mM MgCl,, and 1 mM ATP. After
incubation for 45 min, or the time indicated, the reaction was stopped by 0.05
units of apyrase, 10 mM EDTA (final concentration), and 1 pg of plasmid DNA.
Nucleosome sliding was analyzed by a 5% polyacrylamide-bisacrylamide (29:1)
EMSA. Nucleosome borders were mapped by limit digestion with exonuclease
IIT (3 to 5 U/ml) for 15 min, and DNA fragments were analyzed by denaturing
acrylamide-urea gel electrophoresis. The remodeling of the 152-bp 5S nucleo-
somal particles was assessed by DNase I footprinting. Briefly, 0.5 units of DNase
I (Invitrogen) were added to the arrested reaction mixture for 2 min. DNA
digestion was stopped by the addition of 20 mM EDTA (final concentration), 1
ng of proteinase K, and 0.1% sodium dodecyl sulfate (SDS) (final concentra-
tion). DNA partial digests were recovered by phenol extraction and ethanol
precipitation and analyzed by 8% polyacrylamide-8 M urea sequencing gel elec-
trophoresis in 1X Tris-borate-EDTA buffer at a constant power of 65 W.

Transcription experiments. Chromatin arrays containing either conventional
H2A or H2A-like, H2A-NHR histones were assembled using the pG5SML array
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template and recombinant Acfl, ISWI, and NAP-1 as previously described (2,
18). The p300 and Gal4-VP16 transcriptions and the histone acetyltransferase
(HAT) assays were performed according to previously described protocols (2).
The chromatin arrays reconstituted with the conventional H2A or the variant
histones were soluble under the conditions used for transcription (data not
shown). For the analysis of the transcription elongation through nucleosomes,
polymerase II (Pol II) elongation complex assembly was ligated to either the
DNA or the conventional or variant nucleosomes, and transcriptions were car-
ried out as described previously (21).

RESULTS

mH2A represses Gal4-VP16- and p300-dependent histone
acetylation and transcription. To analyze the effect of
mH2A1.2 on transcription, we assembled mH2A nucleosomal
arrays according to previously described protocols (18) using
recombinant assembly factors and histone proteins (Fig. 1 and
see Fig. 3). The assembly was carried out on a pGsML array
plasmid, which contains a promoter sequence flanked by five
208-bp repeats of the SS RNA sea urchin gene. The reconsti-
tuted chromatins containing conventional H2A or histone vari-
ant mH2A were analyzed by both supercoiling assay (Fig. 1A)
and digestion with micrococcal nuclease (MNase) (Fig. 1B).
The supercoiling assay shows a very efficient assembly of the
chromatin samples (Fig. 1A, lanes 3 and 4). The clear 200-bp
repeats observed upon digestion of both samples with micro-
coccal nuclease indicate a proper structural organization of the
nucleosomal arrays (Fig. 1B, lanes 2 to 4). Then, the conven-
tional and mH2A nucleosomal arrays were used for transcrip-
tion. The two templates, however, exhibited completely differ-
ent behaviors in the transcription assay (Fig. 1C). In both
cases, the presence of histones abolished the basal transcrip-
tion (results not shown), and the addition of Gal4-VP16 re-
sulted in a detectable transcription (Fig. 1C, lanes 1 and 3).
The presence of p300 in the reaction mixture leads to a dra-
matic increase of the transcription from the conventional nu-
cleosomal arrays but to a very small increase of the transcrip-
tion from the mH2A arrays (Fig. 1C, compare lane 1 with lane
2 and lane 3 with lane 4). In the different experiments, the
increase of the transcription from conventional arrays was
found to be 10 to 12 times higher than that from mH2A arrays.
These results clearly show that mH2A is a very efficient repres-
sor of transcription. How does mH2A affect transcription?
Since the efficiency of transcription from the chromatin tem-
plates was strongly dependent on the HAT p300 and thus on
histone acetylation (Fig. 1) (2, 3), one obvious reason for the
transcription repression could be the inability of p300 to acet-
ylate histones within the mH2A nucleosomal arrays. This was
tested by HAT assays, and we indeed found that the acetyla-
tion of histones by p300 was considerably reduced within the
mH?2A reconstituted chromatin (Fig. 1D, compare lane 2 with
lane 4), thus confirming our hypothesis.

It is well documented that p300 is recruited to the promoter
through Gal4-VP16 (2, 3, 22). In addition, the presence of
mH2A interferes with the binding of the transcription factor
NF-kB when its recognition sequence is inserted in the vicinity
of the nucleosome dyad axis (4). This suggests that part of the
inhibition of both transcription and histone acetylation could
be associated with some possible impairment of Gal4-VP16
binding to its recognition sequence within the mH2A nucleo-
somes. To check this, we have reconstituted conventional and
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FIG. 1. macroH2A interferes with both p300- and Gal4-VP16-dependent transcription and histone acetylation. Chromatin was assembled on
the pGsML array DNA by using recombinant Drosophila Acfl, ISWI, and the nucleosome assembly protein 1, an equimolar mixture of either
conventional H2A or variant histone macroH2A, and the three remaining core histones H2B, H3, and H4. (A) DNA supercoiling assay for the
assembly of chromatin. The DNA samples were run on 1% agarose gels and stained with ethidium bromide. Lane 1, supercoiled pGsML DNA
(S); lane 2, topoisomerase I-relaxed pGsML DNA (R); lanes 3 and 4 show the plasmid DNA isolated from the chromatin samples assembled with
macroH2A or conventional H2A, respectively. “nc” designates nick DNA. (B) Micrococcal nuclease digestion of the assembled macroH2A (lane
2) and conventional H2A (lanes 3 and 4) chromatin samples. The chromatin samples were digested with either 0.2 mU MNase (lanes 2 and 3) or
0.5 mU MNase (lane 4) for 10 min at 22°C, and the DNA was analyzed on 1.2% agarose gels. Lane 1, a 123-bp DNA ladder marker (M). (C) p300-
and Gal4-VP16-dependent transcription of conventional H2A (lanes 1 and 2) and histone variant mH2A (lanes 3 and 4) nucleosomal arrays. The
arrays were incubated with GAL4-VP16 alone or with both Gal4-VP16 and p300. The results from two independent experiments are shown.
(D) HAT assays with nucleosomal arrays assembled with either conventional H2A (lanes 1 and 2) or macroH2A (lanes 3 and 4) nucleosomal
arrays. All reaction mixtures contained p300 while Gal4-VP16 was present in mixtures for reactions 2 and 4 only. The positions of the histones are

indicated.

mH2A nucleosomes using a 154-bp DNA fragment derived
from the pGsML vector (used for reconstitution of the 5S
nucleosome array transcription template) and containing the
five Gal4-VP16 binding sites. Then, the binding of Gal4-VP16
to both nucleosomal templates and naked DNA was studied by
EMSA (Fig. 2 and unpublished data). In agreement with the
reports in the literature (14), we found that compared to naked
DNA, a much larger amount of Gal4-VP16 was necessary for
its binding to the nucleosomes (results not shown). The effi-
ciencies of the binding of Gal4-VP16 to both conventional and
mH2A nucleosomes were, however, not significantly different
(Fig. 2B to D). Indeed, the quantification of the EMSA results
demonstrated only a relatively small preference of Gal4-VP16
binding to conventional nucleosomes compared to mH2A nu-
cleosomes (Fig. 2D). This could reflect the interference of the
binding of Gal4-VP16 with two of the five binding sites. This
suggests that the strong inhibition of both transcription and
histone acetylation of mH2A nucleosomal arrays could not be
explained by a lack of binding of Gal4-VP16 to the arrays. In
agreement with this, we found that p300 was able to acetylate

only very poorly the histones of the GAL4-VP16-bound mH2A
nucleosomes (Fig. 2E).

The NHR of mH2A is responsible for the repression of
transcription and the inhibition of histone acetylation. A ma-
jor feature of mH2A is the presence of a long C-terminal
extremity (NHR domain) fused to the histone-like domain
(H2A-like) which is highly homologous to H2A (Fig. 3A). To
determine whether the inhibition of transcription and of p300-
dependent histone acetylation observed with mH2A chromatin
templates could be attributed to one specific domain of mH2A,
recombinant histone proteins corresponding to H2A-like,
H2A-NHR (fusion of the NHR domain of mH2A to the con-
ventional H2A) proteins were purified (Fig. 3B) and used for
the reconstitution of chromatin on the pGSML plasmid. Su-
percoiling (Fig. 3C) and micrococcal nuclease (Fig. 3D) assays
showed an efficient reconstitution and proper structural orga-
nization of the reconstituted H2A-like and H2A-NHR chro-
matin templates. These chromatin templates were then used in
a transcription assay (Fig. 3E). p300-mediated and Gal4-VP16-
dependent transcription from the H2A-like chromatin tem-
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FIG. 2. The presence of mH2A does not affect the binding of
Gal4-VP16 to the nucleosome. (A) Schematic of the nucleosomes used
in Gal4-VP16 binding studies. A 152-bp DNA fragment, derived from
the pGsML vector and containing the five Gal4-VP16 sites inserted in
the E4 promoter, was PCR amplified and used to reconstitute both
conventional and mH2A nucleosomes. The positions of the five Gal4-
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plates (Fig. 3E, lanes 1 to 2) showed a transcription level
similar to the transcription level from conventional nucleoso-
mal arrays. In contrast, the transcription level from the H2A-
NHR chromatin templates was repressed about 10-fold (Fig.
3E, lanes 3 to 4) compared to the transcription level from
wild-type or H2A-like chromatin templates. This level of re-
pression was similar to what was obtained with the mH2A
chromatin template (Fig. 1C), suggesting that the repression of
the p300-mediated and Gal4-VP16-dependent transcription
observed in the presence of mH2A could be attributed to the
NHR domain of mH2A. Since the repression of transcription
in the presence of mH2A is associated with a reduced level of
p300-dependent acetylation of histones of the chromatin tem-
plates, we next tested whether this effect is associated with the
presence of NHR (Fig. 3F). Indeed, the level of p300-mediated
histone acetylation within the H2A-like chromatin template
was very similar to the level of acetylation of conventional
nucleosomes (Fig. 3F, lanes 1 to 2), whereas the acetylation
level of histones within the H2A-NHR chromatin template
(Fig. 3F, lanes 3 to 4) was very low, suggesting that the repres-
sion of p300 HAT activity within the mH2A chromatin tem-
plate is the consequence of the presence of the NHR domain
of mH2A.

The repression of transcription observed in the presence of
mH2A or of the fusion H2ZA-NHR could be the consequence
of a lower initiation level or because of an inhibition of the
elongation of Pol II transcription through the nucleosome. To
differentiate between these two possibilities, we carried out
transcription elongation experiments by using conventional
H2A-like, H2A-NHR, and mH2A nucleosomes (Fig. 4).
Briefly, the four types of nucleosomes were reconstituted and
ligated to Pol II elongation complexes immobilized on beads as
described previously (21). The transcription elongation reac-
tion was carried out in the presence of 40 mM, 300 mM, or 1
M KCl], and the nascent RNA was pulse-labeled (21). At 40
mM KCl, the nucleosomal templates efficiently blocked the
elongation reaction (Fig. 4, lanes 2, 6, 10, and 14). The 10 to
25% of transcripts observed at this KCI concentration roughly
reflect the presence of free DNA in the different template
solutions (results not shown) (21). The nucleosome-specific
pausing patterns were similar for the four different templates
(Fig. 4, lanes 2, 6, 10, and 14). An increase of the ionic strength
to 300 mM KCI destabilizes the nucleosomes, and a further
increase of the KCI concentration to 1 M results also in a
partial removal of H2A-H2B and mH2A-H2B dimers. This, in
turn, results in much more efficient transcript elongation on

VP16 binding sites and the nucleosome dyad are designated. nt, nu-
cleotide. (B) Binding of Gal4-VP16 to conventional H2A nucleo-
somes. Increasing amounts of Gal4-VP16 were added to the solution
containing conventional nucleosomes, and Gal4-VP16 binding was as-
sessed by EMSA. The positions of free DNA, nucleosomes (nuc), and
Gal4-VP16 nucleosome complexes (cplx.) are designated on the left
part of the figures. (C) Data are presented as described for panel B but
for macroH2A nucleosomes. (D) Quantification of the data presented
in panels B and C. (E) HAT assays with either conventional H2A (lane
2) or macroH2A (lane 4) mononucleosomes. Acetylation of the his-
tone mixtures consisting of conventional histones or containing mH2A
is shown in lanes 1 and 3, respectively. All reaction mixtures contained
p300 and Gal4-VP16. The positions of the histones are indicated.
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FIG. 3. The NHR of the histone variant macroH2A is involved in both the repression of p300- and Gal4-VP16-dependent transcription and
the inhibition of histone acetylation. Chromatin was assembled on the pGsML array DNA as described in the legend for Fig. 1 but with the
histone-like domain of mH2A (H2A-like) or with the fusion (H2A-NHR) of conventional H2A with the NHR of mH2A. (A) Schematic of the
proteins used in the chromatin assembly experiments. (B) 18% SDS electrophoresis of the recombinant conventional core histones, the fusion
H2A-NHR, and the H2A-like nucleosomal template. (C) Supercoiling assay for DNA isolated from chromatin assembled with the H2A-like (lane
3) or H2A-NHR (lane 4) nucleosomal template. (D) Micrococcal nuclease analysis of chromatin assembled with either the H2A-like (lanes 1 and
2) or H2A-NHR (lanes 3 and 4) nucleosomal template. The digestion was performed with 0.1 mU MNase (lanes 1 and 3) or with 0.5 mU MNase
(lanes 2 and 4) for 10 min at 22°C. DNA was then extracted from the digested samples and analyzed on 1.2% agarose gels. (E) p300- and
Gal4-VP16-dependent transcription of H2A-like (lanes 1 and 2) and H2A-NHR (lanes 3 and 4) nucleosomal templates. The results from two
independent experiments are shown. (F) HAT assays of H2A-like (lanes 1 and 2) and H2A-NHR (lanes 3 and 4) nucleosomal arrays. Note the
complete inhibition of histone acetylation in the H2A-NHR templates.
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FIG. 4. The NHR of mH2A does not affect polymerase II elonga-
tion through nucleosomal templates. A 245-bp DNA fragment was
used to reconstitute nucleosomes with either conventional H2A or the
fusion H2A-NHR. The templates, a mixed population of two posi-
tioned nucleosomes, N1 and N2, were then ligated to the elongation
Pol II complex immobilized on beads as described previously (21). The
Pol II elongation complex was allowed to transcribe the nucleosomal
DNA, and the nascent RNA was pulse labeled. The transcription was
performed in the presence of either 40 mM, 300 mM, or 1 M KCl, and
the labeled RNA was extracted and analyzed. The RNA isolated from
the transcription reactions of conventional H2A (lanes 1 to 4), mH2A
(lanes 5 to 8), H2A-like (lanes 9 to 12), and H2A-NHR (lanes 13 to 16)
nucleosomal templates was analyzed on an 8% denaturing polyacryl-
amide gel. The transcriptions from preformed stalled elongation com-
plexes are also shown (lanes 1, 5, 9, and 13). M, a marker for the
molecular mass of the transcripts.

the nucleosomal templates (Fig. 4, lanes 3, 4, 7, 8, 11, 12, 15,
and 16). The elongation efficiencies of polymerase II were,
however, very similar for the four different types of chromatin
templates (Fig. 4, lanes 3, 4, 7, 8, 11, 12, 15, 16). This demon-
strates that the observed inhibition of transcription from
mH2A and H2A-NHR templates is associated with the initia-
tion but not with the elongation of transcription. Therefore,
the NHR domain of mH2A is responsible for the inhibition of
the initiation of the Pol II transcription reaction.

The NHR of mH2A induces structural alterations within the
nucleosome. To further examine how the NHR of mH2A could
affect transcription initiation, we first determined the conse-
quences of the presence of the NHR on the structure of the
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FIG. 5. The presence of NHR of mH2A results in alterations in the
structure of the H2A-NHR nucleosomes. (A) EMSA of the reconsti-
tuted H2A and H2A-NHR nucleosomes (Nuc). (B) 18% SDS-poly-
acrylamide gel electrophoresis of the histones isolated from H2A (lane
1) and H2A-NHR (lane 2) nucleosomes. The positions of the histones
are shown on the left part of the figure. Note that the H2A and H2B
Xenopus laevis histones comigrate under the electrophoresis condi-
tions. (C) DNase I footprinting of conventional H2A and H2A-NHR
nucleosomes reconstituted on a 152-bp fragment comprising the 5S
DNA Xenopus borealis gene. The digestion products were analyzed on
an 8% denaturing polyacrylamide gel. The bottom strand of the nu-
cleosomal DNA was P*? labeled. The diamond designates the dyad axis
of the nucleosome. Stars indicate the alterations of the H2A-NHR
nucleosome DNase I digestion pattern.

nucleosomes. Conventional H2A and H2A-NHR fusion pro-
teins were produced, purified, and used for the reconstitution
of nucleosomes on a radioactively end-labeled 152-bp 5S DNA
gene (Fig. 5A and B). In order to study the structural conse-
quences of the incorporation of the NHR into the reconsti-
tuted particles, we performed DNase I footprinting (Fig. 5C).
The DNase I cleavage patterns of the control and H2A-NHR
nucleosomes show the 10-bp repeat characteristic of the nu-
cleosome particle. Some pronounced alterations were, how-
ever, detected in the DNase I cleavage of the H2A-NHR
essentially around the dyad axis. The DNase I cleavage pattern
of particles reconstituted with the H2A-like domain of mH2A
was essentially the same as that for conventional H2A (for
detail, see Fig. 7 of reference 4). We attribute the observed
alterations in the DNase I cleavage pattern of the H2A-NHR
particle to the presence of the NHR domain. These alterations
would reflect some changes in the DNA structure in proximity
to the nucleosome dyad and/or some inaccessibility of the
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FIG. 6. The NHR of mH2A interferes with SWI/SNF and ACF nucleosome mobilization. Conventional H2A and NHR-H2A nucleosomes
were reconstituted by using a 255-bp fragment containing the centrally positioned sequence 601 (19). (A) SWI/SNF mobilization of H2A and
NHR-H2A nucleosomes. Both types of nucleosomes were incubated for 45 min at 30°C in the presence of increasing amounts of SWI/SNF and
ATP. Mobilization of the histone octamer was revealed by EMSA on 5.5% native polyacrylamide gels. The center- and end-positioned nucleo-
somes and free DNA are indicated on the left part of the figure. (B) Time course of the SWI/SNF-induced mobilization of conventional H2A and
H2A-NHR nucleosomes. The nucleosome solutions were supplemented with ATP and 0.5 pl of SWI/SNF and incubated for the indicated time.
The nucleosome mobilization was arrested by apyrase treatment, and the reaction mixtures were stored on ice until they were loaded on the gel.
The central- and end-positioned nucleosomes and free DNA are indicated. (C) Mapping of H2A and H2A-NHR nucleosome positions after
treatment with SWI/SNF. Both types of particles were incubated for 45 min at 30°C in the presence of increasing amounts of SWI/SNF as indicated.
Then, the mobilization reaction was arrested by apyrase treatment, the samples were digested with exonuclease III, and the digestion products were
run on an 8% denaturating gel. Stars indicate the radioactively labeled end of the DNA used for the reconstitution. (D) ACF is unable to mobilize
H2A-NHR nucleosomes. Conventional H2A and H2A-NHR nucleosomes were reconstituted by using a 241-bp fragment containing the end-
positioned sequence 601. Reconstituted conventional H2A and H2A-NHR nucleosomes were incubated for 45 min at 30°C with increasing
amounts of ACF in the presence of ATP and run on a 5.5% native acrylamide gel. The center- and end-positioned nucleosomes and free DNA
are indicated. nt, nucleotide; M, a marker for the molecular mass of the transcripts.

enzyme to the nucleosomal DNA. Similar perturbations in the
DNase I footprinting were reported for mH2A (4) and
H2ABbd (5) nucleosomes, and these perturbations were asso-
ciated with the inability of the remodeling factors to remodel
these variant particles, suggesting that the presence of H2A-
NHR within the nucleosome could affect its remodeling.

The NHR domain of mH2A inhibits the remodeling of nu-
cleosomes by SWI/SNF and ACF. In a recent study, we have
demonstrated that the H2A-like domain was able to interfere
with SWI/SNF-induced nucleosome mobilization (4). To test
whether the NHR domain of mH2A is also able to affect
nucleosome remodeling, nucleosomes containing the conven-
tional H2A or the HZA-NHR histone were reconstituted on a
255-bp 5’-end-labeled 601 sequence, which, according to the
reported data, should give rise mostly to centrally positioned

nucleosomes if conventional histones are used for reconstitu-
tion (19). Since both particles show different migration prop-
erties, it was important to map precisely the position of the
variant H2A-NHR nucleosomal particle on this DNA frag-
ment. Exonuclease III digestion of conventional (Fig. 6C, lane
3) and H2A-NHR (Fig. 6C, lane 10) nucleosomes clearly in-
dicates that both nucleosomal particles are on the same start-
ing central position on the 601 DNA fragment. The incubation
of these centrally positioned nucleosomes with increasing
amounts of SWI/SNF in the presence of ATP results in a very
clear SWI/SNF-dependent sliding of conventional nucleo-
somes (Fig. 6A, lanes 2 to 5), whereas no mobilization of the
H2A-NHR nucleosomes could be observed (Fig. 6, lanes 7 to
10). The kinetics of SWI/SNF-induced sliding of conventional
H2A and H2A-NHR nucleosomes (Fig. 6B) confirm this re-
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sult. No mobilization of the H2A-NHR nucleosomes could be
observed after a 54-min incubation period in the presence of
0.5 pl of SWI/SNF (Fig. 6B; H2A-NHR), whereas most of the
conventional H2A nucleosomes moved to the DNA ends (Fig.
6B; H2A). Exonuclease III digestion of nucleosomal templates
after incubation with different amounts of SWI/SNF (Fig. 6C)
confirms that the H2A-NHR nucleosomes are not mobilized
by SWI/SNF (lanes 11 to 15), whereas the conventional H2A
nucleosomes move to the DNA ends as expected (lanes 4 to 8).
To further characterize the mobility properties of H2ZA-NHR
nucleosomes, we used the ACF remodeling factor, which pro-
motes histone octamer sliding from the end to the center of
DNA. End-positioned conventional H2A and H2A-NHR nu-
cleosomes reconstituted on the end-positioned sequence 601
241-bp DNA fragment (19) were incubated with increasing
amounts of ACF (Fig. 6D). Conventional nucleosomes were
efficiently mobilized (Fig. 6C, lanes 1 to 7), whereas no sliding
of the H2A-NHR nucleosomes could be detected (lanes 8 to
14).

We then tested whether H2ZA-NHR nucleosomes could be
remodeled by SWI/SNF. Conventional H2A and H2A-NHR
nucleosomes were formed using a radioactively end-labeled
152-bp DNA fragment containing the Xenopus borealis 5S
RNA gene. The samples were incubated with increasing
amounts of SWI/SNF and digested with DNase I (Fig. 7). The
perturbation of the 10-bp cleavage pattern of the conventional
H2A nucleosomes in the presence of SWI/SNF shows that
these nucleosomes are efficiently remodeled (Fig. 7, lanes 1 to
6). In contrast, no perturbation of the cleavage pattern could
be detected in the presence of SWI/SNF for the H2A-NHR
nucleosome (Fig. 7, lanes 1 to 7), demonstrating that this
particle cannot be remodeled by this complex. Therefore, the
NHR domain of macroH2A interferes with nucleosome re-
modeling by SWI/SNF.

DISCUSSION

The data reported in this work demonstrate that in vitro
mH2A is an efficient repressor of p300- and Gal4-VP16-de-
pendent Pol Il-activated transcription. We found that this
property of mH2A resides mainly in its NHR domain. Indeed,
our experiments show that mH2A and the fusion H2A-NHR
were able to impede both Gal4-VP16-dependent Pol II-acti-
vated transcription and histone acetylation as well as nucleo-
some remodeling by SWI/SNF and ACF. Since the presence of
mH2A was found to affect weakly the efficiency of Gal4-VP16
binding to the mH2A nucleosomes, the contribution of this
effect to the repression of transcription is expected to be small.
Bearing in mind that Gal4-VP16 is responsible for the recruit-
ment of p300 to the promoter (2, 3, 22) and that Gal4-VP16 is
able to invade mH2A nucleosomes, one could hypothesize that
the NHR domain of mH2A is involved in the impediment of
histone tail acetylation by p300. The mechanism of this imped-
iment is presently unknown. NHR does not exhibit histone
deacetylase activity (1), suggesting that the involvement of
NHR in the impediment of histone acetylation is rather steric.

Interestingly, the H2A-like domain of mH2A does not affect
p300- and Gal4-VP16-dependent Pol II-activated transcription
(this work) but interferes with SWI/SNF nucleosome mobili-
zation (4). Thus, mH2A exhibits some redundancy in function
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FIG. 7. The NHR of mH2A interferes with SWI/SNF nucleosome
remodeling. Conventional H2A and H2A-NHR were reconstituted on
a radioactively end-labeled 152-bp DNA fragment containing the Xe-
nopus borealis 5S RNA gene. Increasing amounts of SWI/SNF were
added to the nucleosome (nuc) solutions, and the remodeling reaction
was carried out for 40 min at 30°C. After digestion with DNase I, DNA
was extracted and subjected to an 8% sequencing gel. The position of
the DNase I cleavage repeat is indicated on the left part of the figure.
The DNase I digestion pattern of free DNA is shown in lane 7. The
diamond designates the dyad axis of the nucleosome.

with respect to nucleosome remodeling since each individual
domain of mH2A (either H2A-like or NHR, when fused to
H2A) was able to impair nucleosome remodeling.

We speculate that in vivo mH2A could contribute to the
repression of transcription by affecting at least two different
pathways: histone acetylation and chromatin remodeling. Since
these two events, i.e., histone acetylation and nucleosome re-
modeling, are essential for the activation of transcription, it
appears that mH2A could be viewed as a major stopper of
transcriptional activation. Interestingly, the efficiencies of Pol
II passage through conventional H2A, mH2A, and fusion
H2A-NHR nucleosomes were essentially the same for the
three types of particles. This suggests that the presence of a
positioned single mH2A nucleosome on the promoter of spe-
cific genes could be sufficient to impede transcription activa-
tion by repressing the initiation of transcription.

Our data suggest that the interference of the NHR domain
with histone acetylation through steric hindrance would be one
of the reasons for this repression. In addition, as shown in a
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recent report, NHR specifically interacts with HDAC1,2 (11).
Consequently, the NHR domain could interfere with the abil-
ity of HAT to acetylate the histones of the promoter associated
with the macroH2A nucleosome, and in addition, it could
recruit histone deacetylase, which further abrogates the possi-
bility of histone acetylation.

One cannot exclude, however, that the presence of several
mH2A nucleosomes, some of which reside on the gene coding
region, would affect transcription more efficiently. Indeed, the
structure of chromatin domains which contain mH2A could be
distinct from the 30-nm fiber canonical structure, which in turn
might be more refractive to transcription.

Our finding that mH2A behaves as a major stopper of Pol I1
activation of transcription in vitro raises several questions,
since to fulfill such function in vivo, mH2A should be localized
specifically on the promoter of transcriptionally inactive genes.
The presence of mH2A on such genes would repress transcrip-
tion. For the transcriptional activation of these genes, the re-
pressive function of mH2A should be eliminated. This could be
achieved by the specific removal of mH2A from the promoter
and its replacement by conventional H2A by an mH2A-specific
histone chaperone as recently described for the histone variant
H2A.Z (28). The identification of genes for which expression is
controlled by mH2A as well as the understanding of the mech-
anism of specific deposition and removal of mH2A from these
genes remains a challenge for future studies.
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